Specifications
Organism/cell line/tissue Human malignant mesothelioma tissue (micro-dissected using laser capture) Sex Male 75%, female 25% (2 females in long and short group respectively) Sequencer or array type Agilent unrestricted AMADID miRNA 8x15k-AMADID:021827 miRNA array Data format Log2 transformation and normalized to the 90th percentile without baseline transformation.
Experimental factors
Short-term vs long-term survival, without prior chemotherapy Experimental features Differential gene expression of microRNAs were selected and evaluated against clinical data of survival outcome to determine their prognostic nature.
Consent
Waiver of consent for these patient samples was granted by the Human Research Ethics Committee at Concord Repatriation General Hospital, Sydney, Australia
Specifications (CH62/6/2009/078). The histopathology of all samples was independently reassessed by Assoc Prof Sonja Klebe, an expert pathologist and final diagnoses were made according to World Health Organization criteria [4] . Sample source location Sydney, Australia
Direct link to deposited data
MicroRNA profiling of malignant pleural mesothelioma tumour tissues, http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59180
Experimental design, materials and methods
The experimental design and analysis pipeline are outlined in Fig. 1 . Briefly, we used 16 FFPE (formalin-fixed paraffin embedded) tumor samples from patients who underwent EPP (extrapleural Genomics Data 9 (2016) [44] [45] [46] [47] [48] [49] pneumonectomy) [3, 5] to interrogate the prognostic value of genomewide microRNA gene expression. The RNA samples were divided into 2 groups; 1) long survival, median = 53.7 months, n = 8 and 2) short survival, median = 6.4 months, n = 8. Agilent Human 8x15k miRNA microarrays (GPL10850) were utilized for microRNA transcriptome profiling. Agilent feature extraction v10.5 was used to extract fluorescence intensity.
Data processing
Total Gene Signals from the miRNA arrays were quantile normalized and log transformed to base 2. Further filtering was applied to exclude ones with gene expression of b1 (Partek Genome Suite, v6.6). In comparison, Kirschner et al., 2015 used signal value of 1 as a threshold and normalized by shifting to the 90th percentile without applying baseline transformation. The intention here is to show that regardless of normalization methods used for the initial array data processing (Fig. 1) , candidate microRNAs identified still hold true their association with the phenotype and in particular, the affected regulatory pathways where predicted genes are targeted by these microRNAs.
One-way ANOVA was used to examine differential gene expression between long and short survival (n = 16 in total). This analysis also assumes that long and short survival-related gene expression patterns are normally distributed and that the variance is approximately equal between the groups. Configuring the ANOVA in Partek Genome Suite (v6.6) enabled adjustment for systematic technical errors, such as batch processing of the RNA samples as well as the shortcomings of RNA extraction from FFPE blocks.
Visualization of gene expression and regulatory pathways
To visualize the dataset, further analysis was carried out to identify distinctive gene expression patterns using Self-Organizing Map (SOM) clustering (map height = 4, map width = 3) ( Fig. 2A) . Cluster structure of this dataset in the form of non-linear mapping to a two-dimensional grid (SOM clustering) enabled us to explore the relationship and ultimately the function of these microRNAs. Hierarchical clustering (Fig. 2B ) was also utilized (subdivide gene expression in similar vs different clusters) to identify significantly enriched functional categories. This is useful for unknown genes in the same cluster to enable us to infer a functional role. Two distinctive SOM clusters were identified and assigned to "Long Survival" and "Short Survival" based on the following criteria; 1) P b 0.05 differentially expressed, 2) Fold change N1.5 and 3) correlation with enriched pathway based on predicted targets. We focused on 2 clusters, cluster 1 and cluster 11, as they showed distinct expression differences between long and short survival ( Fig. 2A , Table 1 ).
Predicted target genes of microRNAs in the "Long Survival" and "Short Survival" clusters were extracted from miRDB [6] (Version 6.0, release date: August 2014) and starBase Version 2.0 [7] . Within starBase, predicted targets were extracted based on intersections with TargetScan [8] , picTar [9] , RNA22 [10] , PITA [11] and miRanda/mirSVR [12] . This resolves some of the issues surrounding use of predicted targets from bioinformatics approaches where validation of targets leads to an estimated false positive rate of at least 20-40% [13, 14] and false negative rates of up to 50% [15, 16] . Although protocols such as HITS-CLIP [17] or PAR-CLIP [18] are considered in starBase for determining RISC occupancy on microRNAs, similar pitfalls still exist and we proceed with caution. The parameters used for starBase are medium stringency (≥2CLIP-Seq experiments supported the predicted miRNA target site).
To interrogate the data further, gene ontology (GO) enrichment analysis based on these target gene lists (Fisher's Exact test) was carried out to detect over-represented genes and to reflect enriched biological themes (biological process, molecular function and cellular component) as described [3] . Pathway enrichment analysis was carried out on this predicted target gene list to explore association of enriched regulatory pathways with patient survival outcome. This is based on Fisher's Exact test (P b 0.05), using the KEGG (Kyoto Encyclopedia of Genes and Genomes) [19] Homo sapiens hg19 Build reference genome as the background [3] as well as hg38 Build (Fig. 1) . The aim was to [3] ) and additional bioinformatics analysis. *This P/D cohort consisted of 75 patients but only 43 passed the criteria for RNA quality and quantity to be put forward for microRNA validation experiment. characterize and compare the biological pathways best represented in both series. The higher the enrichment score the more enriched the genes are within a specific pathway ( Table 2) . As shown from alternate data processing ( Fig. 1 ) and discovery processes (Fig. 2) , the results from these additional analyses support the robustness of miR-Score outlined in Kirschner et al. [3] . In the first instance, the directionality of fold change of the candidate microRNAs agrees (Table 1) where gene expression of hsa-miR-21-5p, hsa-miR-221-3p and members of the hsa-miR-17-92 cluster (hsa-miR-17-5p, hsa-miR-20a-5p) were higher in short survivors [3] . Furthermore, these microRNAs have been shown by others to be involved in PTEN regulation and modulate the PI3K/Akt signaling pathway [20, 21] . For visualization purposes, we compared genes targeted by these candidate microRNAs from pathways that have been found to be associated with cancer progression, tumor architecture and drug resistance [22, 23] , i.e., PI3K/Akt signaling, hippo signaling and focal adhesion pathways (Fig. 3, Table 3 ). All of which have been implicated in mesothelioma biology [24] .
Utilizing microRNA-based regulation to exert a systems effect
Of note, visualizing expression of microRNA and its targets within a pathway and identifying commonalities between these pathways (Fig. 3 ) enable further exploration, especially in terms of designing microRNA therapeutic targets [25] . Complex disease conditions such as heart failure and cancer are increasingly being recognized as the result of multiple dysfunctional pathways. Hence it is essential to change our approach towards disease treatment and develop new therapeutic strategies that seek to correct the overall network of pathways that has been distorted. At a systems level, the aim of either rescuing defective genes within a beneficial pathway and/or shutting down pathological gene(s) upstream of a regulatory cascade becomes clearer using this type of visualization approach [26] [27] [28] . For example, CCND2, a target of hsa-miR-17-5p, appears to be common to the three enriched pathways mentioned above. Inhibiting CCND2 expression via hsa-miR-17-5p would thus modulate all three pathways and would have the potential to reduce tumor growth. According to starBase [7] , CCND2 is also a target of hsa-miR-15/16 and thus can potentially be targeted by TargomiRs, a novel microRNA-based treatment approach for MPM using microRNA-loaded EGFR antibody-targeted minicells (EDV ™nanocells) [29] . In KEGG [19] , CCND2 is shown to be deeply entrenched in cell cycle progression, anti-apoptosis and pro-proliferation processes. Furthermore, in the case where gene expression of hsa-miR-21-5p, hsa-miR-221-3p, hsa-miR-17-5p and hsa-miR-20a-5p is higher in short survivors, an anti-microRNA approach [27] would be appropriate to restore the suppressed beneficial pathways.
In contrast, where down-regulated microRNAs are associated with a disease condition, a re-introduction of these microRNAs can be utilized to exert a systems effect in order to ameliorate dysregulated pathways. For example, in MPM, miR-16, miR-15a and miR-15b mimics were observed to have tumor suppressing properties [30] and subsequently a mimic based on the consensus sequence of the miR-15 family has shown signs of activity in a phase 1 clinical trial in MPM patients [29] . The assumption here is that detrimental pathways were rescued genome-wide. In comparison, a common seed-like sequence designed to exert microRNA-like regulation at 3′UTR region of unrelated genes [31, 32] can also have a systems effect.
Using the Molecular Signatures Database (MSigDB, now v5.1 [33] ) to apply Gene Set Enrichment Analysis (GSEA) to differentially expressed genes from four MPM gene expression datasets, enabled us to identify enriched microRNA binding motifs that can be translated into potential druggable targets for MPM [34] . Here, GSEA on the twenty genes (Table 3) extracted from the enriched pathways revealed promoter regions (−2 kb, 2 kb) around transcription start sites containing enriched binding motifs for transcriptional factors; MAZ (GGGAGGRR), PAX4 (GGGTGGRR), AP1 (TGANTCA) and FOXO4 (TTGTTT). All of which are implicated in MPM biology [35] [36] [37] . Using ChIPBase database (curated Table 2 Pathway enrichment analysis of predicted targets of short vs long candidate microRNAs (enriched P b 0.001, extracted from starBase: http://starbase.sysu.edu.cn). The number denotes number of gene targets (extracted from starBase v2.0) in common with a specific pathway. For example, CCND2, target of hsa-miR-17-5p appears to be a common target to these three enriched pathways. At a systems level, design of microRNA-based therapeutic agents can then be deduced to either rescuing defective genes within a beneficial pathway and/or shutting down pathological gene(s) upstream of a regulatory cascade. For example; 1) YWHAG (hsa-miR-222-3p) and CCND2 (hsa-miR-17-5p) are two genes that can be targeted to modulate gene expression in both PI3K/Akt signaling and hippo signaling pathways; 2) CCND2, AKT3, ITGA5, COL1A1 and ITGB8 can be targeted to affect PI3K/Akt signaling and focal adhesion pathways and 3) CCND2, PPP1CB and PPP1CC can be targeted by hsa-miR-17-5p, hsa-miR-23a-3p and hsa-miR-27a-3p respectively to modulate hippo signaling and focal adhesion pathways.
ChIP-seq (Chromatin immunoprecipitation [ChIP] with massive parallel DNA sequencing data) [38] , we characterized further how these transcriptional factors interact with candidate microRNAs in the MPM system. Here, we found that Jun./AP1 binds to the promoter region (defined by ChIPBase as 5 kb upstream and 1 kb downstream) of the following microRNAs: hsa-miR-30c-1, hsa-miR-30e, hsa-miR-20a, hsamiR-19a, hsa-miR-19b-1, hsa-miR-17, hsa-miR-18a, hsa-miR-92a-1, hsa-miR-93, hsa-miR-106b, hsa-miR-25, hsa-miR-210 and hsa-miR-95. This analysis implicated that targets of the microRNAs identified in our miR-Score study have the capacity to regulate other microRNAs (see Ooi et al. [28] for in-depth discussion on microRNA-transcriptional factor-microRNA interactions in a cardiovascular disease model [28] ). Thus, the approach to identify enriched binding motifs and biological themes has merit in prioritizing genes for downstream validation, especially towards developing therapeutic agents. The complexity of the microRNA-transcriptional factor interactions is inferred here and we continue to utilize these approaches in our investigation into mesothelioma pathology. 
